Objective: To describe adolescents' sleep on school and weekend nights using multiple methods and to examine the links between sleep variability, quality, and duration with diabetes indicators.
| INTRODUCTION
Insufficient sleep is a public health problem that affects the majority of adolescents in the United States. 1, 2 Many adolescents have difficulty meeting the recommended sleep duration of 8-10 h/night 3 due to greater extracurricular activities (eg, homework, sports, and work), 4, 5 earlier school start times, and increased social commitments 6 during this developmental stage. In addition to these academic and social changes, adolescents experience shifts in circadian rhythms that cause them to stay awake later. 7 While adolescents in the general population face many demands that may interfere with healthy sleep habits, adolescents with type 1 diabetes (T1D) also experience challenges associated with the intensive treatment regimen, which includes daily blood glucose (BG) monitoring and frequent insulin administration. 8 Recent data from a national sample indicated that Abbreviations: ADA, American Diabetes Association, A-SCI, adolescent report of self-care inventory, BG, blood glucose, BGM, blood glucose monitoring, HbA1c, glycosylated hemoglobin, P-SCI, parent report of self-care inventory, PSQI, Pittsburgh sleep quality index, SCI, self-care inventory only 17% of adolescents were meeting the target goal for glycemic control (ie, glycosylated hemoglobin (HbA1c) ≤ 7.5%, 58 mmol/mol). 9 Thus, it is essential to identify modifiable barriers to achieving optimal glycemic control, and sleep may be an important factor to consider.
A recent meta-analysis revealed that children and adolescents with T1D obtain significantly less sleep than those without diabetes. 10 This is likely due to sleep disturbances unique to T1D, which include awakenings caused by rapid fluctuations in glucose levels, 11 the need to treat low BG levels overnight, 12 and interruptions due to diabetesrelated technology (eg, alarms). 13 For adolescents with T1D, sleep disturbances have been linked with poorer glycemic control 14, 15 related to increased insulin resistance, 16 as well as poorer diabetes management. 14 In one recent study, an increase of 15-20 min of sleep in adolescents was associated with an additional BG check and insulin bolus. 17 The majority of these studies used subjective measures of sleep (questionnaire data or diaries), and therefore further investigation into specific sleep habits related to diabetes management and glycemic control is warranted. 18 This practice of weekend bedtime delay and oversleeping, or variability in sleep timing and duration, has been associated with mood problems, poor academic performance, and obesity 19 in adolescents in the general population, as well as poorer glycemic control in adults with T1D. 20 In one of the only studies to examine this phenomenon in adolescents with T1D, social jetlag (the difference between school night and weekend night sleep duration)
was not associated with glycemic control, but social jetlag was significantly associated with insulin requirements, 21 suggesting that variability in sleep is related to insulin resistance. However, these studies relied on self-report of sleep patterns, and more objective measures of sleep timing and duration are likely to offer greater insight.
To address the gaps in the literature, the current study provides an in-depth description of sleep in adolescents with T1D, using a multi-method approach (actigraphy, questionnaire, and daily diary self-report), to characterize and identify differences in sleep patterns on school nights and weekend nights. In addition, we sought to examine the relationship of inconsistent and insufficient sleep with diabetes indicators, including adherence and glycemic control. We hypothesized that shorter total sleep time and greater variability in sleep duration would be related to poorer glycemic control and more problems with adherence.
2 | METHODS
| Participants
This study included 65 adolescent-caregiver dyads. Adolescents were eligible for the study if: (1) they were between the ages of 13-17 years; (2) they had been diagnosed with T1D for at least 12 months; (3) they had not been diagnosed with any sleep disorders; (4) they were not currently participating in any intervention studies;
and (5) they were able to read/speak English. Caregivers were eligible if they were able to read/speak English.
| Procedures
All study protocols and materials were approved by the university's 
| Sleep characteristics and quality
Actigraphy data, collected with the Phillips Actiwatch Spectrum Plus, were used as an objective measure of adolescents' sleep. Based on previous work, 23 we configured actigraph watches using a 1-min epoch, with a sleep interval of 10 epochs for onset of sleep, and an awake threshold setting of 40 (medium). Data from the watch were analyzed using Philips Actiware software to calculate sleep efficiency (ratio of total sleep time to time in bed, recommended range is 85%-100%), sleep latency (time from bedtime to sleep onset, recommended duration is <30 min), and sleep duration (total sleep time). Furthermore, adolescents completed the Pittsburgh sleep quality index (PSQI), a widely used and validated self-report measure, consisting of 19 items on sleep quality. 24 Items are scored on a scale ranging from 0 (no difficulty) to 3 (severe difficulty) to produce a global score. The clinical cutoff for poor sleep quality is a score of 5 or higher.
| Sleep habits
Adolescents tracked their sleep habits using a daily sleep diary, including daytime sleep-related behaviors (eg, caffeine use, daily activity level, electronics in room) and nocturnal sleep characteristics (eg, bedtime, wake time, night awakenings), as well as diabetes-specific factors that may influence sleep (eg, blood glucose monitoring (BGM) by the adolescent at bedtime, overnight, and in the morning). They also recorded nap activity (quantity and duration), school start times, stress and mood levels (single item scaled from 1 to 10), afterschool activities (eg, sports practice and work) and any abnormalities in routine that may have affected their sleep (eg, sleepovers, snow days, use of cold medications).
| Adherence
Adolescents and caregivers completed the self-care inventory (SCI), which measures adherence to diabetes treatment, such as diet, exercise, BGM, insulin administration, and attending medical appointments. 25 The overall adherence score is determined using the mean of seven items, rated from 1 (never do it) to 5 (always do this as recommended without fail). Higher scores indicate better adherence. Cronbach's alpha was .80 for adolescents' self-report and .80 for parent
report. In addition, we obtained average daily BGM by downloading adolescents' glucometer readings from the previous 30 days to serve as an objective measure of adherence. Bedtime and overnight BGM was based on self-report from each day of the sleep diary.
| Glycemic control
Adolescents' HbA1c values were collected as part of their regular diabetes clinic visit using the point-of-care Bayer Diagnostics DCA2000
Analyzer. HbA1c provides a percentage of glycosylated hemoglobin over the previous 3 months. Higher levels indicate poorer glycemic control, and the target for adolescents is ≤7.5% (58 mmol/mol) 8 In addition, data from adolescents' glucometers were used to determine average BG levels, and percent of BG readings within target range (70-140 mg/dL) over the previous 30 days.
| Analysis plan
Statistical analyses were performed using IBM SPSS Statistics 23. We conducted descriptive analyses to describe the characteristics of the study population and sleep habits in our sample. 
| Sleep habits
Based on diary data, the median number of electronics powered on in the room while sleeping was one device, with a range of 0-3 devices 
| School nights vs weekend nights
On school nights, actigraphy revealed that the mean bedtime was significantly earlier than on weekend nights (10:53 PM vs 11:57 PM, t = −6.18, P < .001). Similarly, the average wake time on school nights was 6:32 AM, significantly earlier than weekend wake time of 8:39 AM (t = −11.00, P < .001). 
| Associations between sleep characteristics and diabetes-related outcomes
Bivariate analyses were conducted to determine the association between variability in sleep duration, total sleep time, and selfreported sleep quality with diabetes-related outcomes (see Table 2 ).
We identified a significant association between greater variability in sleep duration and less frequent BGM (r = −0.27, P < .05) and between sleep variability and HbA1c (r = 0.34, P < .01). In addition, our data revealed a significant association between sleep variability and average BG levels (r = 0.30, P < .05) and percent of BG levels within range (r = −0.26, P < .05). However, total sleep time and sleep quality were not significantly associated with any diabetes-related outcomes. Further, there was no significant association between sleep variability and parent-or self-reported adherence. Abbreviations: A-SCI, adolescent report of self-care inventory; BGM, blood glucose monitoring (average checks per day); P-SCI, parent report of self-care inventory; PSQI, Pittsburgh sleep quality index. *P < .05; **P < .01; ***P < .001. 
| Multivariable analysis

| DISCUSSION
The current study reveals novel findings relating sleep variability to diabetes indicators among adolescents with type 1 diabetes. The majority of our sample did not meet sleep recommendations, and many reported poor sleep quality. Based on both actigraphy and sleep diary data, adolescents slept longer and later on weekend nights than on school nights, indicating social jetlag, and variations in sleep duration were significantly related to poorer diabetes-related outcomes.
Specifically, variability in sleep duration was associated with poorer glycemic control (HbA1c, average BG levels) and diabetes management (frequency of BGM).
While there is accumulating evidence regarding the importance of obtaining sufficient and good quality sleep for adolescents, 2 this study is one of the few to examine sleep habits in adolescents with T1D using both objective and subjective measures. We found many similarities between our sample and the general adolescent population, as well as some sleep disturbances unique to adolescents with T1D, such as overnight BGM and the need to treat nocturnal hypoglycemia. Similar to the general population, the majority of the adolescents in our sample were not meeting recommendations for sleep duration. 28 Further, many of our participants reported electronic devices powered on while sleeping and caffeine consumption during the day, with some reporting as many as 6 caffeinated drinks/day (the American Association of Pediatrics recommends no more than 100 mg/d, or about 1 cup of home-brewed coffee 29 ). Caffeine consumption and electronic use have been shown to interfere with sleep in the general adolescent population, 30 and our results suggest they may have a negative impact on sleep in the T1D population as well.
The current study is unique in providing insight into school night and weekend night sleep habits in this population. According to both actigraphy data and sleep diaries, adolescents in our sample slept significantly longer on weekend nights than on school nights, with an average difference of about 1 hour. This finding supports the phenomenon of social jetlag, in which adolescents compensate on weekend nights for insufficient sleep on school nights. 18 The difference in our sample was somewhat less than what was recently reported in by Von Schnurbein et al, who found an average of 2.5 hours of social jetlag in adolescents with T1D (based on self-report). 21 In addition, we found that adolescents indicated more regular BGM at bedtime on weekend nights than on school nights. Although this difference was not statistically significant, it could be a reflection of having a more rushed schedule during the school week, or that that insufficient sleep on school nights negatively impacts adolescents' ability to effectively engage in diabetes management, similar to findings from previous studies. 14, 17 Another strength of our study is that by taking a multimethod approach, we were able to explain some of the disturbances observed in the actigraphy data; for example, several of the participants had night wakings that we could match to reports in the sleep diaries of treating low BG values overnight.
Finally, one of the contributions of our study was the focus on variability in sleep duration, and the novel finding that inconsistent sleep patterns among adolescents with T1D were associated with less frequent BGM, higher HbA1c, and increased average BG levels, after adjusting for demographic variables. In contrast, sleep duration (total sleep time) and self-reported sleep quality were not significantly associated with any of these outcomes. Our results are in line with findings from a recent study of adults with T1D, 20 but the current study is the first, to our knowledge, to demonstrate these relationships in the adolescent population. In addition, the lack of a significant association between sleep duration and glycemic control may explain why sleep has not been consistently associated with glycemic control in other studies of children and adolescents with T1D. 10 Our findings suggest that although obtaining sufficient sleep is important for good overall health, it may be even more valuable to consider consistency and timing of sleep in adolescents with T1D. 31 Maintaining a stable sleep schedule over school nights and weekend nights to avoid social jetlag may have the potential to improve diabetes management and glycemic control. Therefore, we suggest that clinicians ask adolescents about their typical weekend and weeknight sleep patterns and encourage regularity in sleep timing.
Several limitations of the current study must be noted. First, although we avoided enrolling participants during school breaks, some participants experienced aberrations in their sleep routine during the study period, including snow days or sleepovers, which may have affected their sleep habits or diabetes management. Further, the study design was cross-sectional, so we cannot determine causality of the relationships observed. For example, BG data and sleep data were not collected concurrently, so we cannot conclude the directionality of the relationship between variability in sleep duration and glycemic control. The associations between sleep and glycemic control are likely to be bidirectional, such that poor glycemic control increases the likelihood of nocturnal hypo-and hyperglycemia, which can disrupt sleep. 12 Finally, it is possible that overscheduling or lack of family routines could have a negative impact on both sleep habits and diabetes management.
The current study further supports the need for clinicians to assess adolescents' sleep habits, which was recently recommended by the ADA. 8 Findings from the current study suggest that variability in sleep timing and duration may be more detrimental than insufficient sleep in relation to adherence and glycemic control, and therefore encouraging earlier weekend bedtimes and a more consistent sleep schedule could improve diabetes outcomes. Future studies are needed to obtain a more comprehensive understanding of the role of sleep in diabetes management, including longitudinal studies, studies examining the use of diabetes devices, such as continuous glucose monitors, which have the potential to disturb sleep with alarms, 13 as well as qualitative studies to understand barriers to obtaining consistent sleep in this population. In addition, more work is needed to determine if these findings generalize to younger children and emerging adults with T1D.
